We have investigated the optical absorption of metallic and semiconducting carbon nanotubes/ CH 3 NH 3 PbI 3 micro-and nanowire composites. Upon visible light illumination semiconducting carbon nanotube based samples show a photo-induced doping, originating from the charge carriers created in the perovskite while this kind of change is absent in the composites containing metallic nanotubes, due to their strikingly different electronic structure. The response in the nanotubes shows, beside a fast diffusion of photo-generated charges, a slow component similar to that observed in pristine CH 3 NH 3 PbI 3 attributed to structural rearrangement, and leading to slight, light induced changes of the optical gap of the perovskite. This charge transfer from the illuminated perovskite confirms that carbon nanotubes (especially semiconducting ones) can form efficient charge-transporting layers in the novel organometallic perovskite based optoelectronic devices. † Electronic supplementary information (ESI) available. See
Introduction
Third generation photovoltaic devices have recently generated great interest because of their low cost and high efficiency potential. Organic-inorganic metal halide perovskites, especially methylammonium lead iodide (CH 3 NH 3 PbI 3 , henceforth referred to as MAPbI 3 ), emerged as front runners in this generation due to their excellent optoelectronic properties such as high absorption coefficient, high mobility, long and balanced carrier diffusion and low exciton binding energy. [1] [2] [3] [4] [5] These perovskite solar cells have achieved efficiencies above 20% 6, 7 within a period shorter than any other material proposed for solar energy conversion. They are approaching the efficiency of commercial c-Si solar cells. However, there are still shortcomings that prevent these cells from getting to the market, one being the high cost and the other being stability issues of the hole-selective transport layer (HTM) in the cell. The most common HTM material, with which the highest power conversion efficiencies have been obtained, is 2,2′,7,7′-tetrakis(N,N-dip-methoxyphenyl-amine)9,9′-spirobifluorene (Spiro-OMeTAD). 8 Recently, carbon nano-materials, such as nanoparticles, carbon nanotubes (CNTs) and graphene flakes, are being reported as good alternatives for HTM materials. [9] [10] [11] [12] [13] In particular, CNTs are very attractive candidates, since they have been already used successfully in various optoelectronic applications, like light-emitting diodes, photodetectors, phototransistors 14, 15 and other photovoltaic cells, due to their direct band gap (when they are semiconducting) and outstanding electronic and mechanical properties. 16 Not only did they show comparable performance to conventional architectures, but they also provided devices with improved features such as stability, reduction of the hysteretic and drift effects, 17, 18 flexibility 19 and semi-transparency. 20 Therefore, to be able to increase further the performance of perovskite-CNT based devices it is important to learn more about the interface between perovskites and different types of CNTs. In particular, it is essential to understand the details of the charge transfer from the illuminated photovoltaic perovskite to the CNTs.
Several studies of the subject have already been published, 9, 21, 22 strongly suggesting photoinduced charge transfer between CNTs and perovskites that leads to mobile charge carriers in the system. These studies were mainly based on the bleaching of the first excitonic optical transition (S 11 ) of semiconducting nanotubes. The presence of mobile carriers was concluded from photocurrent measurements 9 and from timeresolved microwave conductivity at 9 GHz. 22 Charge transfer between the CNTs and the perovskite layer was further inferred from photoemission spectroscopy 21 and the dynamics of the process was determined on a timescale less than a millisecond. All these measurements were conducted in device architectures, thus reflecting the processes of all layers and interfaces.
In this work we use a simple MAPbI 3 /CNT hybrid system in order to restrict our observations to the one interface between these constituents, and extend the study of charge transport to longer wavelengths and longer timescales. We report the charge transfer between MAPbI 3 and CNTs upon white light illumination by using mid-infrared (MIR) and near-infrared (NIR) optical spectroscopy. In the MIR range, we follow the appearance upon illumination of free-carrier (Drude) absorption, correlated with the photobleaching of the S 11 transition in the NIR, thus establishing the charge migration through the interface as the source of photocurrent under operating conditions of solar cells. The dynamics of the process extends to the timescale of tens of minutes, connecting the charge migration to structural changes in the perovskite. [23] [24] [25] A comparison between two high purity nanotube samples is given in order to illustrate the difference between semiconducting and metallic nanotube enriched samples. We find that semiconducting nanotubes show a distinct advantage over metallic nanotubes regarding photoinduced charge transport, confirming the choice of previous studies to apply semiconducting 21, 22 or functionalized 9 carbon nanotubes in similar architectures. Furthermore, we prove that there is no severe chemical reaction establishing covalent bonds between the nanotubes and the perovskite during the synthesis of the composite system. The processes studied here can form the basis of further possible optoelectronic applications of the MAPbI 3 -semiconducting nanotube ensemble beyond solar cells, mentioned above.
Experimental methods
High purity commercially available single-walled carbon nanotube samples (NanoIntegris Inc.) were used in this study, prepared from arc-derived carbon nanotubes (mean diameter: 1.4 nm) by density gradient ultracentrifugation. 26 Two different types of samples were investigated: one batch was enriched with 95% semiconducting (s-CNTs) and another with 95% metallic (m-CNTs) nanotube content. Spectroscopy studies were carried out on self-supporting nanotube thin films. Preparation of the nanotube samples was done by vacuum filtration and wet transfer. 27 The thin films were annealed at 200°C in a vacuum for 10 hours to remove moisture and solvent residues. MAPbI 3 single crystals were prepared according to Poglitsch and Weber. 28 The harvested single crystals were dissolved in N,N-dimethylformamide. The concentration of the solution was 114 mg ml −1 . The composite CNT/ MAPbI 3 samples were prepared by drop casting a 4 μl solution of MAPbI 3 in N,N-dimethylformamide (DMF) on self-supporting CNT films, resulting in micrometer-sized wires described earlier. 15, 29 The composite samples were dried in air for 30 min at 80°C.
The possible chemical reaction at the CNT/MAPbI 3 interface was excluded by Raman measurements, since the D and G bands did not change with respect to the pristine CNTs (ESI, Fig. S1 †) . The samples were characterized by mid-infrared (MIR) and near-infrared (NIR) spectroscopy techniques. The MIR and NIR measurements were performed in a dry nitrogen purged Bruker Tensor 27 FTIR spectrometer. For illumination a 3 W white light emitting diode (LED) was used. In order to cut off the high energy part of the LED light, a 500 nm longpass filter was used. The samples were kept in the dark before the measurements and illuminated only with the LED light. SEM images were taken with a Quanta 3D (FEI) scanning electron microscope using a backscattered electron detector and an LVEM5 (Delong America Inc.) electron microscope using a secondary electron detector.
Results and discussion
Typical images of the composite samples are summarized in Fig. 1. Fig. 1a shows the optical image of the sample where the micrometer-wide wires of MAPbI 3 are supported by the CNT film. It is likely that such a texture of the perovskite is caused by the solvent and/or by the CNT substrate. Fig. 1b shows a scanning electron microscopy (SEM) image of a similar CNT/ MAPbI 3 sample. This image was taken using a backscattered electron detector which enables good resolution on the pristine carbon nanotube network (dark gray regions) but fails to capture the details of the MAPbI 3 crystals (bright regions). To complement this limitation we have taken another image with a similar magnification using a secondary electron detector showing the MAPbI 3 crystals formed on the nanotube mat ( Fig. 1c) . These nanocrystals are similar in size (10-50 nm) to what has been found in perovskite/CNT hybrid materials reported by Ka et al. 30 To investigate the effect of visible light illumination on the nanotube-MAPbI 3 composite samples we performed spectroscopic measurements in the 500-15 000 cm −1 wavenumber range (0.06-1.85 eV). First, we were looking for indications of electronic interactions at the CNT/MAPbI 3 interface. The results using mixed (s-m) CNTs are given in Fig. 2 without LED illumination (called "in the dark"). The spectrum of the pristine nanotubes was measured first, and then MAPbI 3 was drop cast and dried. Fig. 2 shows the optical density (−log(T ), where T is the optical transmittance) spectra of the nanotube samples with (composite sample) and without MAPbI 3 ( pristine sample). Optical density is the total loss of light through the sample, not corrected for reflectance; in this spectral region, it can be considered analogous to absorbance. The difference spectrum ( Fig. 2blue) contains the changes due to the introduction of MAPbI 3 . The NIR part shows a jump in the optical density around 1.6 eV which is consistent with the band gap of the MAPbI 3 . 1, 31 The sloping baseline, increasing towards higher wavenumbers, is caused by light scattering on the nanoparticles. The molecular vibrational features, especially those related to methylammonium ions 32 and to DMF, show small variations mostly during the drying stage of the composite (ESI, Fig. S2 †) .
In order to investigate the electronic interaction between the CNTs and MAPbI 3 micro-and nanowires via the photoresponse, we have performed a series of dark and LED illuminated measurements in the MIR spectral region. Fig. 3 shows the effect of illumination on the spectra of the composite samples (for the NIR response see the ESI, Fig. S3 †) . To emphasize the changes induced by light we calculated the normalized difference spectrum: ΔA ON = (T d − T i )/T d , where T d is the transmission spectrum in the dark and T i is the spectrum measured with the light source on. To test the reversibility of the process, we measured the samples after turning the light off; in this case the normalized difference spectrum was calculated using the following equation: ΔA OFF = (T i − T d )/T i . These ΔA values represent absorbance changes in the sample. As one can see in Fig. 3a , in the case of semiconducting samples the light induced changes take place in two regions of the spectrum: in the low wavenumber part (<2000 cm −1 ) which is dominated by the response of the free electrons in the nanotubes, and around 5300 cm −1 which for this type of nanotube corresponds to the difference between the first Van Hove singularities (S 11 ) of the semiconducting nanotubes 33 (the feature in the 3000 cm −1 region arises from DMF and we omit its discussion). The changes in the two regions show different signs. Turning the light on, the intensity in the free carrier region of the difference spectrum increases while that in the S 11 region decreases. When the light is turned off, the changes are reversed, the intensity in the free carrier part decreases and the intensity in S 11 region increases. Fig. 3b shows the results of the same measurements on the m-CNT/MAPbI 3 composite samples. Compared to the s-CNT based composites the changes are significantly smaller.
The kind of redistribution of spectral weight that is presented in Fig. 3a is reminiscent of doping. 9, 22 The two characteristic spectra of the m-and s-CNT/MAPbI 3 upon illumination are compared with the spectrum of a semiconducting pristine nanotube sample doped by atmospheric oxygen (see Fig. 4a ), known to be p-type. 34 This comparison supports the interpretation that there is a charge transfer from the illuminated MAPbI 3 to CNTs. Ihly et al. 22 have proved the presence of free carriers in a multilayer device configuration containing s-SWNTs and MAPbI 3 by time-resolved microwave conductivity experiments at 9 GHz. The present observation narrows this effect spatially to the CNT/MAPbI 3 interface and at the same time extends it in frequency so that the Drude-type behavior is apparent. We compare the change in the transmission (ΔT ON = T d − T i and ΔT OFF = T i − T d ) in Fig. 4b . Since metallic nanotubes possess a higher Drude contribution by nature than the semiconducting nanotubes, this comparison is more accurate in comparing changes of the different types of composites. It is clear from Fig. 4b that the metallic composite sample shows a negligible change in the low frequency region compared to the semiconducting sample. This indicates the absence of charge transfer upon illumination between the metallic nanotubes and the perovskite. It is very likely that the small change observed around 5300 cm −1 (Fig. 4a ) can be associated with the 5% of s-CNT content in the nominally metallic sample.
The main features in the difference spectra of the composite samples are related to the nanotubes. Carbon nanotubes are sensitive to their environment: coming in contact with other materials usually results in charge transfer to some extent. The direction and amount of electrons transferred depends on the electronic structure of both materials. Since pristine nanotubes show no photoresponse, the observed changes must originate in the different amounts of charge transfer from MAPbI 3 in the case of measurements under dark/illuminated conditions. We can consider the composite sample as a semiconductor heterojunction (Fig. 5 ) similar to what was suggested by Schulz et al. 21 By forming a contact between the CNTs and MAPbI 3 the bands shift in order to align the Fermi levels. The conduction and valence bands bend to compensate for the different energy levels on the two sides of the junction. The band bending is a result of electron transfer from one side to the other. While MAPbI 3 behaves like a bulk semiconductor where the band far from the junction is unaffected, in the nanotube the band shifting is extended throughout the whole length of the tube due to the unscreened Coulomb interaction resulting from the one dimensional nature of the nanotube. 35 Fig. 4 (a Thus, instead of bending, the bands of the nanotube are shifted similar to gating or chemical doping. The main difference between the two types of heterojunctions is that while in the semiconducting case the charge transfer affects the highest occupied Van Hove singularity creating a high density of states at the Fermi level ( Fig. 5b) , in the metallic case the shift does not change the number of states due to the energy independent density of states of the metallic nanotubes (Fig. 5e ). The amount of charge transfer depends on the electronic properties in the same way as the band gap of the materials. The charge transfer between the two materials can be directly observed by electrical transport measurements as well (ESI, Fig. S4 †) . To elucidate the origin of the observed light-induced changes we investigated the time dependence with a series of illuminated and dark measurements. Fig. 6 shows the time dependence of the difference spectrum in the free carrier region for the s-CNT/MAPbI 3 composite. It consists of a rapid component in the variation of the optical density and a slow one, which extends to a timescale of tens of minutes in the case of illumination. When the light is switched off, after the initial faster decrease it takes more than an hour to relax back to the original dark state.
The change in optical absorption arises from the diffusion of the photo-excited electrons through the interface into the carbon nanotubes. Even a small number of photoelectrons (of the order of 10 15 cm −3 ) can produce a noticeable change because they occupy the first excited Van Hove singularity with high density of states. As this process results in a partially filled band, the number of free carriers increases, resulting in low-frequency absorption. At the same time, as there are less available final states for the S 11 optical excitation within the CNTs, the absorption around 5300 cm −1 decreases. The slow change of the optical density has a different origin. Similar, extremely slow variations have been observed in this family of materials [23] [24] [25] and ascribed to the decrease of the organic cation binding energy due to illumination. The organic cations in this less bound state can distort the metal halide cage. It is known that the band gap of the organo-halide perovskites depends on the metal-halide-metal bond angle and distance. The light-induced weakening of the bonds between the organic cation and the metal halide cage in turn changes slightly the band gap of the material. Under this new condition the adjustment of the Fermi levels induces a carrier flow through the interface to establish the new charge balance. This change, as reported in ref. 24 , is reversible on a similar timescale as observed here. This simplified picture is also consistent with the response obtained for the m-CNT/MAPbI 3 composite. All the changes in the charge flow happen at E F , at the very low density of states region of the carbon nanotubes that does not produce measurable changes in the optical density. This does not mean that there is no charge flow towards the metallic CNTs; however, this charge flow does not produce enough free carriers to influence the photocurrent significantly. In other words, for efficient free carrier extraction one needs to use s-CNTs, that have been the choice in previous studies. 9, 21, 22 
Conclusions
The simultaneous and opposite change in the S 11 and Drude peak and the absence of increase in the D band intensity in the Raman spectra of the CNT/MAPbI 3 composites narrows down the explanation of the observed changes to charge transfer between the two materials upon visible light illumination. We found that the time dependence of the nanotube optical features follows that of free standing MAPbI 3 films, showing a fast and a slow component. We have identified a fast component that is very likely to come from the photoexcited carriers in the MAPbI 3 . This response is important in CNT/ MAPbI 3 composite detectors and sensors, where a fast response is required and the signal is amplified by the peculiar band structure of the CNTs. 15 The charge transfer by the slow component in the optical response, ascribed to the structural, bond-angle relaxation upon illumination, followed by Fermi level alignment is useful in solar cell applications. In this case the fast response is not a requirement since the material is exposed to constant illumination in time. Nevertheless, it is likely that for both components, fast and slow, the quality of the interface plays a role, whose optimization should be addressed in the future in order to reduce the trap density.
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